ABSTRACT: Molecular dynamics calculations of pressure effects on mStrawberry and mCherry fluorescent proteins are reported. The simulations reveal that mStrawberry has much floppier structure at atmospheric pressure, as evidenced by larger backbone fluctuations and the coexistence of two conformers that differ by Ser146 orientation. Consequently, pressure increase has a larger effect on mStrawberry, making its structure more rigid and reducing the population of one of the conformers. The most significant effect of pressure increase is in the hydrogen-bonding network between the chromophore and the nearby residues. The quantum-mechanics/molecular mechanics calculations of excitation energies in mStrawberry explain the observed blue shift and identify Lys70 as the residue that has the most pronounced effect on the spectra. The results suggest that pressure increase causes an initial increase of fluorescence yield only for relatively floppy fluorescent proteins, whereas the fluorescent proteins that have more rigid structures have quantum yields close to their maximum. The results suggest that a low quantum yield in fluorescent proteins is dynamic in nature and depends on the range of thermal motions of the chromophore and fluctuations in the H-bonding network rather than on their average structure.
■ INTRODUCTION
Novel bioimaging techniques exploiting the unique properties of green fluorescent protein (GFP) have revolutionized many areas in life sciences. 1−3 Driven by exciting applications, the photophysics of GFP and other wild-type and mutated photoactive proteins have been a subject of many experimental and theoretical studies. 4−6 Yet, intrinsic electronic properties of the chromophores and their interactions with the protein matrix are not fully understood, and the design of new FPs often proceeds in the dark. Moreover, even for the FPs with established properties, detailed relationships between the structure and photophysical properties have not been entirely mapped out.
Among FPs used as genetically encoded fluorescent tags, the red-emitting FPs (RFPs) 7 are of particular importance as suitable markers for mammalian deep tissue imaging. 8 Most of the RFPs share a DsRed-like chromophore 9 in which the π-system of the GFP chromophore is extended by an additional N-acylimine moiety. However, the mechanism of the chromophore maturation and the factors determining color hues, one-and two-photon brightness, quantum yields, photostability, and other properties are not yet fully understood. For example, we do not know what is responsible for relatively low quantum yields and poor photostability of the RFPs from mFruit series. 10 It was suggested 10 that the apparent nonplanarity of the extended chromophore may be responsible for lower quantum yields (e.g., 0.22 in mCherry versus 0.79 in wt-GFP). The twist and tilt angles characterizing the relative positions of the imidazolinone and phenolate rings in mCherry are 11 and 14°, respectively, as compared to 0 and 4°in wt-GFP. However, in the absence of experimental or theoretical evidence, it is not clear whether making the chromophore more planar would increase the quantum yield.
A possible explanation of low photostability is an apparent weakness of the β-barrel of mFruit RFPs between β 7 and β 10 , likely due to the tetrameric nature of the parental DsRed. A recent computational study 11 suggested that this weakness leads to increased oxygen permeability.
Experimental interrogation of the structure−function relationship in FPs is challenging because it is difficult to perform gradual and well-defined structural modifications in such complex systems. For example, single-point mutations designed to test a specific structural hypothesis often lead to undesired consequences such as misfolded and/or immature FPs. Highthroughput molecular evolution techniques 12, 13 based on flow cytometry allow one to tune-up properties of mutants; however, the structures of the resulting optimized FPs provide only an indirect evidence of the effect of specific structural changes. In this respect, theoretical modeling provides a powerful tool for testing different hypotheses of the structure−function relationship and for mapping out mechanistic details of the FP photocycle.
Experimentally, gradual (and abrupt) structural modifications can be induced by applying hydrostatic pressure, 14 which has been exploited in studies of interfaces, conformational dynamics, H-bonding, and noncovalent interactions in various solids including crystals of amino acids and proteins. Among other findings, these studies revealed 14 that the length of Hbonds depends almost linearly on pressure; e.g., in L-serine, the N−O distance in this H-bond decreases by about 0.01 Å·GPa −1 in the pressure range from ambient up to 10 GPa despite several phase transitions that are accompanied by a jump-wise increase in cell parameters.
15 Shorter H-bonds (such as NH···O) are less compressible than longer ones, and molecules in general become flatter as the pressure increases.
14 Studies of proteins under pressure provide insight into compressibilities of different structural fragments of peptides and proteins (helices, sheets, turns, nonstructured fragments, cavities). 16 Globular proteins, like GFP, show less pressure-induced changed as compared to fibrillar and amyloid structures.
14 Pressure also affects other properties, such as solubility (which generally decreases) and acidity (which increases at higher pressure). 14, 17 Several studies of FPs under hydrostatic pressure have been reported. 18−27 If pressure-induced structural changes are well understood (which can be achieved by theoretical modeling), one can also learn about the effect of structure on photophysics from observing pressure dependence of optical properties, such as fluorescence wavelength and quantum yield. Such experiments have been carried out for the green, 18−22 blue, 21−25 yellow, 26, 27 as well as dsRed 21 FPs. A companion paper 28 (Paper I) presents a recent experimental study that investigated the effect of pressure (up to 5 GPa) on the fluorescence yield and spectra of the RFPs from the mFruit family. Despite their similarity, the FPs investigated in this study (TagRFP-S, TagRFP-T, mCherry, mOrange2, mStrawberry, and mKO) exhibit somewhat different trends. 28 TagRFP-S, TagRFP-T, mOrange2, and mStrawberry show an initial increase in fluorescence intensity upon the pressure increase up to 250− 530 MPa, whereas fluorescence intensity of mCherry and mKO decreases. At higher pressures, the fluorescence intensity decreases dramatically for all the proteins. At moderate pressures, all FPs exhibit a small blue shift (≈ 0.005−0.01 eV). Finally, mOrange2 and mStrawberry were found to exhibit strong and abrupt changes in their fluorescence spectra at high pressures. The directions of spectral shifts are different; i.e., mStrawberry exhibits a blue shift of ≈0.1 eV, whereas the fluorescence of mOrange2 is red-shifted by ≈0.08 eV.
The goal of this study is to characterize the effect of pressure on structure and, consequently, electronic properties of selected RFPs, to provide atomic-level interpretation of the observed trends. 28 Toward this goal, we focus on the two representative FPs, mStrawberry and mCherry. While they share an identical chromophore, mStrawberry features an initial increase of fluorescence intensity reaching a maximum (1.8 relative to ambient pressure) at 350 MPa, whereas fluorescence of mCherry only decreases. 28 The pressure at which fluorescence reaches half its maximum value is 670 and 300 MPa for mStrawberry and mCherry, respectively. 28 By understanding the differences between the two, we intend to identify structural elements that are essential for improved quantum yield. Modeling pressure-induced spectral shifts will help us to quantify the effect of neighboring residues, the structure of the chromophore, and its binding pocket on the spectral properties of RFPs.
Our computational strategy is as follows. We perform molecular dynamics (MD) simulations to investigate pressure-induced structural changes. The MD results are validated by more reliable ab initio MD (AIMD) simulations in which the chromophore and neighboring residues are described by density functional theory (DFT). The structures from AIMD trajectories are used to compute the electronic spectra with the help of hybrid QM/MM (quantum mechanics/molecular mechanics) methods. Such spectra can be directly compared to the experiment, which provides validation of our computational protocols. Furthermore, we analyze the nature of the overall pressure-induced spectral shift in terms of contributions from individual interactions and specific structural changes, which provides insight into the structure−function relationship in FPs.
■ COMPUTATIONAL DETAILS
As described above, our computational study involves several steps: (i) MD simulations using a modified force field; (ii) AIMD simulations using DFT; (iii) QM/MM excited-state calculations.
Starting with the X-ray structures 10 of mStrawberry (pdb code: 2H5P) and mCherry (pdb code: 2H5Q), we carefully examined the cavities and protonation states of the protein groups. The Dowser program 29 was used to analyze the cavities and to fill them with water. Protonation states were determined manually by inspecting the hydrogen-bonding network. In difficult cases, Propka software 30 was used. At physiologic pH, the chromophore is anionic, and Glu215 is protonated in both mStrawberry and mCherry. 10 The CHARMM27 force field 31 has been used to describe the protein. The parameters for the mStrawberry and mCherry chromophore were taken from: (i) anionic GFP chromophore's parameters for CHARMM22; 32 (ii) acylimine parameters of the DsRed chromophore for OPLS; 33,34 and (iii) the retinal parameters (van der Waals parameters of acylimine nitrogen) for CHARMM27. The parameters are given in the Supporting Information (SI).
The MD simulations were performed using NAMD 35 in an isobaric−isothermal ensemble with Langevin dynamics and a Nose-Hoover barostat. Five different MD simulations with periodic boundary conditions were performed starting from the X-ray structures (protonated and hydrated) at pressures varying from 0.1 to 1500 MPa (0.1, 300, 600, 900, 1200, and 1500 MPa). The periodic cell contained approximately 30 000 water molecules and was approximately 70 × 70 × 70 Å in size (at normal pressure). In each simulation, the trajectory was first equilibrated for 10 ns. Then the protein structure was reexamined, and production runs of 50 ns were performed. A time step of 1 fs was used in all MD simulations, and the intervals between the collected data (energies and coordinates) were 50 ps.
To test whether high-pressure trajectories were fully equilibrated in the above protocol, we also performed MD simulations (mStrawberry) at 1200 MPa starting from the equilibrated snapshots from slightly lower pressure (900 MPa) rather than the X-ray structure. No differences were observed between the two protocols confirming that our high-pressure results were fully equilibrated. Each MD simulation was followed by Born−Oppenheimer ab initio MD (AIMD) 36 simulations in the NVT ensemble 37 The Journal of Physical Chemistry B performed with the CP2K package. 38 The starting structure for AIMD was a snapshot from an MD calculation at a given pressure. The simulation box size was exactly as in the MD simulations to mimic the pressure. The AIMD trajectories were equilibrated for 1−3 ps at constant T = 300 K maintained by a Nose-Hoover thermostat chain (significant heating of the QM subsystem was observed). Following equilibration, the production runs (of 8−10 ps) were performed to collect snapshots. The time step of 1 fs was used (as in the MD simulations). 39 The QM level of theory in AIMD was BLYP and BLYP with empirical dispersion correction (BLYP-D, ref 40) , as implemented in the CP2K package. The Goedecker− Teter−Hutter pseudopotentials 41 and the QZV2P (aug-QZV2P on heteroatoms) basis were used. The multigrid approach was used. 42 The cutoff of the finest grid level was 350 Ry.
From these AIMD trajectories, the snapshots were selected with intervals of 0.25 ps for excitation energy calculations. To achieve faster convergence with respect to the number of snapshots, the structures taken from the snapshots were optimized (using the same level of theory, BLYP-D/ QZV2P//CHARMM27); these locally optimized structures were used in the excited-state calculations.
Two different QM parts were tested in the AIMD simulations, as illustrated in Figure 1 . The first one, called SmallQM-AIMD, includes only the chromophore, whereas the second one, called BigQM-AIMD, contains the chromophore and several nearby residues (Phe65, Glu215, Arg95), side chains of Lys70, Ser146, and Ile197 residues, and nearby water molecules. The position of the link atoms is specified in the SI.
We found that AIMD using SmallQM leads to too long Hbonds (see Discussion below). At ambient pressure, we performed two sets of the AIMD calculations following local optimization of the snapshots: one using SmallQM and one using BigQM. At other pressures, we performed AIMD followed by the local optimization of the snapshots using BigQM.
Interestingly, the MD simulations of mStrawberry at atmospheric pressure have revealed two coexisting conformations involving a flip of Ser146, as shown in Figure 2 . In the first conformation (Conf I), which is the same as in the X-ray structure, there is an H-bond between the hydroxyl of Ser146 and the phenolate's oxygen of the chromophore. In Conf II, this bond is broken, and the chromophore forms the H-bond with a nearby water.
The AIMD trajectories that were initiated from the MD snapshots corresponding to Conf I do not capture the interconversion between the two conformations because they are too short (≈10 ps). Thus, to evaluate optical properties corresponding to Conf II, we performed additional AIMD calculations starting from the MD snapshots corresponding to the Conf II structures and following the same protocol as above (i.e., AIMD annealing, equilibrium simulation, and local QM/ MM optimization of the selected MD snapshots). The resulting structures were used to compute the spectroscopic properties of Conf II.
An accurate calculation of the relative populations of the two conformations, which is desirable for computing the average absorption maximum, is a difficult task. We performed a quick estimate based on a different H-bond pattern in the two conformations. By visual inspection of the MD snapshots, we noted that Ser146 tends not to form an H-bond with the chromophore in Conf II. Thus, we split the frames of the MD trajectories into two sets using Ser146−PhO distance as the criterion (if the distance is below 3.5 Å, the snapshot is classified as Conf I). This allowed us to analyze the H-bond patterns for each conformation separately and to estimate relative populations of Conf I and Conf II at different pressures. We note that at very high pressures our estimate may not be reliable as the interconversion between the two conformations might be too slow to be captured by the MD simulations and because the protein structure becomes too perturbed for such a simple criterion to work.
At ambient pressure, the estimated population for Conf I is 59%; at higher pressures it becomes more dominant. In the second conformation (Conf II, 41% at 0.1 MPa), Ser146 is twisted by 100°with respect to Conf I, breaking the H-bond with Ser146; in this configuration, phenolic oxygen forms a second H-bond with a nearby water. The pressure has a strong effect on the relative populations of Conf I and Conf II; e.g., the population of Conf I becomes 99 and 92% at 300 and 600 MPa, respectively. At 900 MPa, the population of Conf I drops down to 56% (as estimated by simple snapshot counting). The reliability of this estimate may be affected by significant structural changes at high pressure. We note that the average population of the Ser146−PhO H-bond is 78% at 900 MPa, suggesting a larger population of Conf I. Since the H-bonding network and distances between the chromophore and nearby charged residues are different in these two conformations, changes in their relative populations may affect optical properties.
Electronic spectra were computed, first, for the isolated chromophore and, second, for the entire mStrawberry protein extracted from AIMD. The geometry of the isolated model chromophore was optimized with the ωB97X-D rangeseparated hybrid functional 43 and with the 6-31+G(d,p) basis set. The optimization in the gas phase yields the structure with the planar GFP-like part of the chromophore; however, the acylimine moiety is nonplanar (the structure is given in the SI). Using gas-phase calculations, we also estimate inaccuracies in structural parameters by comparing the BLYP-D optimized structure with a more reliable ωB97X-D one (see Table S10 in the SI).
All vertical excitation energies were computed using the SOS-CIS(D) method 44 (scaled-opposite-spin configuration interaction singles with a perturbative account of double excitations) with the cc-pVDZ+ basis derived from the standard cc-pVDZ basis 45 by augmenting it by one set of diffuse functions taken from the 6-31+G(d,p) basis set. 46 The basis set dependence of excitation energies is discussed in the SI (we also used aug-cc-pVDZ); the variations due to basis sets were about 0.03 eV.
The locally optimized snapshots from AIMD/BLYP-D at selected pressures were used to compute the QM and QM/ MM excitation energies to simulate the absorption maximum. For benchmark purposes, we also considered AIMD/BLYP snapshots and compared the differences between BigQM and SmallQM. The effect of dispersion and choice of the QM part on structures and excitation energy is discussed in the SI.
In excited-state calculations, various choices of the QM part have been tested, as discussed in the SI. We found that SmallQM (exactly the same as in the SmallQM-AIMD calculations) yields the same results as the calculations using a larger QM part. The QM part was capped with hydrogens using the Hydrogen Link Atom scheme, as described in the SI.
The MM part in AIMD and excited-state calculations was described by the CHARMM27 atomic charges. 31 The charges of the frontier atoms (the MM atoms which are linked to the QM part) were set to zero. The original CHARMM27 charges were redistributed among the neighboring MM atoms/charges which are linked by at least two bonds to the frontier atom.
The calculations of the isolated chromophore and all QM and QM/MM excitation energy calculations were performed with the Q-Chem package. 47 ■ RESULTS AND DISCUSSION Validation of Structures. Table 1 lists the selected structural parameters of the mStrawberry chromophore from the X-ray structure and from the MD and AIMD calculations at 0.1 MPa, as well as the ωB97X-D structure of the bare (gasphase) chromophore. The SI also gives a BLYP-D structure. The differences between the ωB97X-D and BLYP-D structures are relatively minor; e.g., the discrepancies in bond lengths do not exceed 0.02 Å. The largest difference in torsional angles (about 2°) is observed for the acylimine angle, whereas P and I angles are within 0.3°from each other.
From the present set of calculations, we consider BigQM-AIMD/BLYP-D calculations to be of the highest quality. The difference between MD and AIMD allows us to evaluate the quality of the MD parameters. The differences between the X- Figure 1 for the definition of atomic labels.
The Journal of Physical Chemistry B ray structure and AIMD are likely due to limitations of the former (see, for example, a recent work from Thiel and coworkers on DsRed which demonstrated that X-ray structures can be considerably refined by using a QM/MM rather than a MD-based guiding algorithm 48 ). The average bond lengths of the chromophore agree reasonably well between different methods and the X-ray structure. The largest difference between BigQM-AIMD and Xray is for the CN bond of acylimine (0.144 Å, the X-ray structure has a shorter bond), and the variations in other bonds are less than 0.1 Å (0.001−0.07 Å). The differences between MD and AIMD are slightly larger, CN of acylimine giving the largest difference. It is instructive to compare bond alternation patterns, as they reflect the degree of delocalization in the π-system of the chromophore due to resonance interaction and conjugation. In the canonical representation of the chromophore (see Figure 1) , the (CO) Ph and (C C) Ph bonds are formally single bonds, whereas (CO) Im and (CC) Im are double bonds. The resonance interaction 49, 6 reduces the difference between formally single and formally double bonds. For example, in the anionic GFP chromophore, the CCC bridge has almost perfect allylic character, 6 and the CC and CO bond alternations are 0.016 and 0.016 Å, respectively. 49, 50 As one can see from the optimized structure of the isolated mStrawberry chromophore (last column in Table  1 ), the two bridge CC bonds are almost the same, and the (CC) Im is even slightly longer than (CC) Ph . The CC and CO bond alternation in BigQM-AIMD are 0.004 and 0.026 Å, respectively. For the CC bonds, both X-ray and MD give larger values, 0.019 and 0.023 Å, respectively. The CO bond alternation in the X-ray structure is 0.094 Å and in MD is 0.006 Å. In sum, the AIMD calculations yield the most delocalized structure of the chromophore featuring significant bond order scrambling. To reproduce these effects in MD, the respective force field parameters need to be properly adjusted. The X-ray structure is likely to reflect the deficiencies of the underlying guiding MD parameters. 48 The torsional angles show some variation. The largest differences are observed for the acylimine angle, which is 19°s maller in AIMD than in X-ray and is 50°larger in MD than in AIMD. The difference in P and I torsional angles between AIMD and X-ray is 10 and 3°, respectively. We note that these differences are much larger than variations in structural parameters computed by BLYP-D and ωB97X-D (see SI). We also notice that the sign of the P-torsional angle is different (between the calculations and X-ray). To test whether AIMD was trapped in a local minimum, we performed AIMD calculations starting from structures with torsional angles similar to those in the X-ray structure, and these calculations also converged to structures with the same torsional angles we obtained from the AIMD calculations initiated from the MD snapshots. Thus, we conclude that our torsional angles are likely to be more accurate than those derived from X-ray.
As far as the structural parameters of the chromophore are concerned, there are no perceivable differences between BigQM and SmallQM AIMD (and between BLYP and BLYP-D). However, the H-bonding network around the chromophore is significantly affected by the QM size, as illustrated by the average lengths of selected H-bonds collected in Table 2 . As one can see from the results for atmospheric pressure, SmallQM-AIMD overestimates the lengths of Hbonds by about 0.46 Å relative to BigQM-AIMD. The biggest difference is for the H-bond between Ser146 and PhO for which the smallQM value is 0.98 Å larger than the BigQM one. The BigQM-AIMD and the X-ray values agree well. The difference between the MD and BigQM-AIMD values is much smaller, i.e., 0.17 Å on average (MD tends to overestimate). Thus, we employ the MD results to calculate the average number of H-bonds at different pressures (Table 3 and Table  4 ).
Pressure-Induced Structural Changes. We begin by analyzing the Root Mean Square Deviation (rmsd) from the reference X-ray structure computed by averaging over snapshots from the 50 ns long MD trajectories run at 0.1, 300, 600, 900, 1200, and 1500 MPa. The rmsd quantifies: (i) differences between the average structure from the dynamical calculations and the reference; (ii) the thermal fluctuations in dynamical calculations. For example, if the average structure is the same as the reference one, then rmsd will still be nonzero due to thermal fluctuations. The width of the rmsd or the standard deviation of all rmsd values roughly indicates the range of thermal motions, although it may also reflect the presence of several conformers.
The comparison of rmsd average values at various pressures and their standard deviation is shown in Figure 3 for mCherry and mStrawberry (the respective rmsd distributions are given in the SI). To analyze structural changes, we break down the overall rmsd into backbone's rmsd (bb-rmsd, red traces) and all heavy atom's rmsd (ha-rmsd, blue traces). As one can see, the standard deviation (bars) of the backbone rmsd decreases as the pressure increases for mStrawberry (squares). This suggests that the range of thermal motions is reduced at elevated pressure. mCherry (triangles) shows smaller average values and more narrow distributions. The average rmsd shows a more complex trend (green traces). Up to 300 MPa, the average rmsd decreases from 1.1 to 0.92 Å in mStrawberry, and up to 600 MPa it decreases from 0.93 to 0.81 Å in mCherry, likely due to a restricted range of motion. Above 600 MPa, it increases up to 1.1 Å in mStrawberry or 1.0 Å in mCherry suggesting that the protein undergoes overall structural changes.
As one can see, the values for mStrawberry and mCherry show different trends. To better analyze them, consider a more detailed analysis of bb-rmsd and ha-rmsd for mStrawberry, which is presented in Figure 4 . The top panel of Figure 4 shows the distribution of the bb-rmsd of the β-barrel ("Surface") and of the α-helix ("Core"). 51 Each plot includes the average values and bars indicating the range including 90% of all values. The surface and the core parts of the protein behave differently. The bb-rmsd is larger for the surface than for the core, illustrating that the surface is more flexible. It appears that the core is well protected by the barrel and is, therefore, less sensitive to the pressure effects. At atmospheric pressure, the surface and the core bb-rmsd's for mStrawberry including 90% of the values are spread between 0.8 and 1.2 Å and 0.4 and 1.0 Å, respectively. With the increase of pressure, the rmsd distributions narrow down (less thermal motion). For the surface bb-rmsd, we observe a notable drift to larger values (up to 1.15 Å for the average values). The average value of the core bb-rmsd shows a smaller driftit stays around 0.6 Å. The protein is not really denatured even at 1500 MPa in this time-scalethe rmsd of 1 Å indicates relatively small structural changes. Furthermore, once pressure is released, the structures relax back to the original structure for both MD and AIMD simulations (this is observed after several tens of picoseconds). Denaturation typically takes place on a slower time scale (microseconds and longer), and the reversibility of the structural changes in our simulations suggests that these fast changes are not directly on the pathway to denaturing. Moreover, GFP as a globular protein seems to be resistant to pressure; e.g., the secondary structure of the wild-type GFP does not denature up to 1.3 GPa. 18 Let us now consider the behavior of the side chains of mStrawberry (ha-rmsd) outside and inside the β-barrel (shown in the bottom of Figure 4 ). The core ha-rmsd also includes the chromophore. The side chains show trends similar to the backbone (although the values of ha-rmsd are larger than bbrmsd)the motions and structure of the surface groups are more sensitive to pressure than those of the core. The surface ha-rmsd differs from the surface bb-rmsd and the core ha-rmsd between 900 and 1500 MPa. Figure 5 compares mStrawberry's bb-rmsd and ha-rmsd. As one can see, the variation between the surface and the core is about twice as large for ha-rmsd than for bb-rmsd. However, the surface ha-rmsd shows a different behavior than other rmsd analyses above 900 MPa. The core bb-rmsd and ha-rmsd are similar, showing that both the backbone and the side chains inside the β-barrel do not move much and are not very sensitive to pressure. Thus, the chromophore, which is deeply buried inside the barrel, is not expected to exhibit significant pressure-induced structural changes, which is confirmed by the analysis (below) of the I and P torsional angles.
As far as the bb-rmsd is concerned, mCherry exhibits trends similar to mStrawberry, as illustrated in Figure 3 (green traces). mCherry's bb-rmsd and ha-rmsd differ slightly from those of mStrawberry. The bb-rmsd decreases up to 600 MPa (up to 300 MPa for mStrawberry), and at higher pressure the trend of increasing rmsd is similar for both proteins. We note that for mCherry the backbone's and side chains' average rmsd values as well as the spread of rmsd values are smaller than in mStrawberry. For example, at 0.1 MPa, the average bb-rmsd values in mStrawberry and mCherry are 1.15 and 0.65 Å, respectively. The X-ray B factor, which indicates the range of thermal motion, is larger for mStrawberry (19.42 Å 2 ) than for mCherry (15.65 Å 2 ). In sum, the MD simulations show that the range of thermal motions is smaller in mCherry, in agreement with the X-ray data. Consequently, the pressure-induced structural changes are less prominent in mCherry.
A torsional angle distribution analysis of mStrawberry shows that unlike the gas-phase chromophore the average structure of the chromophore inside the protein is slightly nonplanarthe average values from MD of the P and I angles are 4.8 and 6.6°, respectively (see Figure S2 in the SI). The definition of P and I angles is given in Table 1 . We observe that up to 900 MPa both I and P distributions are similar. Above 900 MPa, the P torsion angle shifts slightly toward 0°(more planar structure). The I torsion angle undergoes a similar change, but only at 1500 MPa. Flattening of molecules under high pressure has been noted before.
14 Overall, the pressure-induced variations in the values of these angles are remarkably small. Thus, we conclude that these changes are unlikely to have much effect on the optical properties.
In sum, pressure-induced structural changes are larger for the surface of the β-barrel, whereas the effect on the chromophore is small. However, as demonstrated below, the increased pressure considerably changes the H-bonding network and the amount of water inside the barrel as well as relative populations of different conformers (mStrawberry), which ultimately affects optical properties of the protein.
To quantify the changes in the H-bonding network, we compute average populations of H-bonds between the chromophores and the nearby residues and water molecules. A population of 100% means that there is one hydrogen bond formed, on average. Table 3 and Table 4 show the average number of H-bonds formed by the chromophore derived from the MD trajectories. We define a H-bond when D-H···A distance is less than 2.8 Å and the D-H···A angle is less than 30°. Obviously, the number of H-bonds depends on the cutoff, as illustrated in Table S6 in the SI; however, the overall trend remains the same. As discussed in the previous section, the average lengths of the H-bonds are similar in MD and BigQM-AIMD. In the MD simulations, the bond lengths have been averaged over 50 ns trajectory for both Conf I and Conf II.
For mStrawberry, the average total number of H-bonds varies quite notably with pressure. There is a slight increase in the total number (from 2.4 to 2.7) up to 600 MPa, probably because there is less thermal motion, so the H-bonding network is less perturbed by large-amplitude motions, and then it decreases at 900 MPa.
To better understand the pressure-induced changes in the Hbonding network, we consider average populations of specific H-bonds in mStrawberry and in mCherry (Table 3 and Table 4 , Figure 6 ). In the MD simulations of mStrawberry at 0.1 MPa, the phenolate oxygen (PhO) has, on average, slightly more than one H-bond (1.15) with either water (0.74) or Ser146 (0.41). mCherry's PhO has a similar number of H-bonds (1.11) with the major contribution from Ser146 (0.72) against 0.56 from the nearby water molecule. A larger difference between mStrawberry and mCherry is observed for the imidazoline's oxygen (ImO). It forms 0.57 bonds with either Arg95 (0.52) or water (0.04) for mStrawberry and forms more than one bond (1.10) in the mCherry protein with either Arg95 (0.59) or water (0.52). ImN forms a transient H-bond with Glu215 (0.02 and 0.06), and the acylimine's oxygen is H-bonded to water (0.48 and 0.37 bonds) for mStrawberry and mCherry, respectively. The number of these H-bonds formed by PhO and ImO increases up to 600 MPa for mStrawberry, whereas it is mainly constant for mCherry (see Figure 6 ). For example, at 300 MPa, the number of H-bonds formed by PhO and ImO is 1.32 and 0.47. The respective number of H-bonds in mCherry is larger, i.e., 1.44 and 0.73. At 1200 MPa we observe a clear decrease in the number of bonds for mStrawberry: the populations of PhO and ImO H-bonds drop down to 1.22 and 0.27. At 1200 MPa, one new H-bond appears between ImO and Lys70 (0.04). Such effects are not observed for mCherry. In mStrawberry, pressure increases the number of Hbonds formed by ImN and AcO slightly, i.e., by 0.07 and 0.03, respectively. In contrast, at higher pressure the number of Hbonds formed by ImN and AcO in mCherry shows a different trend: at higher pressure, the former increases by 0.25 and the latter decreases by 0.32.
As discussed in the Computational Details section, the Hbond pattern in mStrawberry reflects the presence of two conformations. In Conf I, which is the dominant one, the hydroxyl from Ser146 is oriented toward the phenolate of the chromophore forming a H-bond, whereas Conf II does not have such a bond; instead, the phenolic oxygen forms two Hbonds with water molecules, as illustrated in Figure 2 . Table 3 shows the H-bond population for both conformations (see Computational Details section for details). We observe that at all pressures the number of H-bonds formed between PhO and water is, on average, higher by 0.16 in Conf II than in Conf I, as shown in Figure 2 . The number of the H-bonds formed by ImO is rather constant (0.43) in Conf I up to 1200 MPa, whereas in Conf II it increases from 0.52 at ambient pressure to 0.68 at 600 MPa. This is directly related to a smaller number of H-bonds between ImO and water in Conf II. The number of bonds formed by ImN is similar for both conformations at ambient pressure but increases up to 0.22 for Conf II at higher pressures.
In sum, the main trend for mStrawberry is that the number of H-bonds formed by PhO and ImO increases at intermediate pressures and decreases at high pressures, with the respective Overall, it appears that the pressure increase up to 900 MPa increases the structural rigidity of mStrawberry (less backbone fluctuations, decreased population of Conf II, higher populations of H-bonds), whereas at 900 MPa its structure is collapsed such that the local environment of the chromophore is considerably perturbed, which is reflected by the significant changes in the H-bonding pattern.
A completely different behavior is observed for mCherry in which the number of H-bonds formed by PhO and ImO is larger than one for almost all pressures and is relatively constant. Moreover, there is no evidence of the multiple conformations in mCherry. The existence of two conformations in mStrawberry and changes in their relative populations with pressure may play a crucial role in understanding its optical properties and explaining the differences between mCherry and mStrawberry.
The effects of H-bonding on spectral properties of the GFP chromophore have been discussed in the literature. 52, 53, 4, 54 A recent computational study of microhydrated model GFP chromophores has shown that H-bonding with water molecules interacting with phenolate and/or imidazolinone oxygens can lead to 0.1−0.3 eV spectral shifts. 54 As will be discussed below, in addition to pressure-induced changes in the H-bonding pattern, the distances between the chromophore and other nearby charged residues (such as Lys70) are strongly affected by pressure, which has an important effect on the optical properties.
The number of water molecules in the vicinity of the chromophore shows a very interesting trend (Figure 7 ) for mStrawberry. As pressure increases up to 900 MPa, the average number (as well as maximum number) of water molecules around the mStrawberry chromophore decreases (average from 12.5 to 10, and maximum from 21 to 15). This is because the surface groups fluctuate less, thereby decreasing the permeability of the β-barrel. However, above 900 MPa the number of water molecules in the chromophore pocket increasesthe pressure becomes sufficiently high to squeeze water inside (this is a known effect of pressure 55−57 ). The increased number of water molecules around the protein can affect the H-bonding network and induce solvatochromic shifts and can also affect quantum yield. For example, the GFP chromophore exhibits significant solvatochromic shifts; i.e., the absorption of the anionic form of GFP is 2.60 eV, whereas the absorption of the anionic HBDI in solutions at high pH is blue-shifted by 0.2−0.3 eV. 58, 59 Moreover, fluorescence of solvated FP chromophores is suppressed by fast radiationless relaxation. 4 The number of water molecules in the vicinity of the mCherry chromophore is, on average, smaller than that for mStrawberry (Figure 7) , and as expected, the distribution is more narrow. For example, at ambient pressure the average number of water molecules around the chromophore is 12.5 for mStrawberry and 11 for mCherry; the maximum number of water molecules within 5 Å of the chromophore is 19 and 10, respectively. Consequently, changes in the number of water molecules upon the increase of pressure are less pronounced for mCherry; the number of waters remains relatively constant (around 11 ± 1). The initial decrease in the number of water molecules around the mCherry chromophore is very small (from 11 to 10), and it increases back to 11 at 500 MPa. This might be the key to the observed trend in quantum yieldan initial decrease in water molecules around the mStrawberry chromophore results in an increased quantum yield, whereas in mCherry, there is no considerable change at intermediate pressures and, therefore, is no increase in the quantum yield. In addition, large changes in quantum yield for mStrawberry might be due to changes in relative populations of the two conformations; e.g., if Conf II has smaller quantum yield, then reducing its weight with pressure will result in the overall increase of the fluorescence yield.
Spectroscopy (mStrawberry). The isolated mStrawberry model chromophore (see Figure 1) has a planar structure. The computed (SOS-CIS(D)/cc-pVDZ+) excitation energy equals 2.14 eV, and the oscillator strength, f L , is 1.49. The MOs describing this π→π* transition are shown in the SI ( Figure  S5) .
At atmospheric pressure, the experimental absorption maximum for mStrawberry is 2.16 eV (at pH < 9.5). We present the computed QM/MM excitation energies for the two conformations averaged over several snapshots, as described previously (all calculations were performed using snapshots from the BigQM-AIMD trajectories). The overall absorption maximum was computed by taking a weighted average of the average excitation energies for the two conformations with the weights estimated as described previously. The convergence of excitation energies as a function of the number of snapshots at 0.1 and 900 MPa is presented in the SI ( Figure S6 ). Figure 8 shows the distribution of excited energies at 0.1 and 900 MPa depending on the conformation.
At low pressure, the two conformers have noticeably different excitation energies; i.e., the absorption of Conf II is red-shifted by ∼0.1 eV relative to Conf I, whereas at high pressure the spectral difference is less pronounced and Conf II has higher excitation energy.
At atmospheric pressure, the computed excitation energy for Conf I, which corresponds to the X-ray structure, is 2.14 eV; E ex for Conf II is considerably lower (2.02 eV). Thus, averaging over the two conformations, whose estimated populations at 0.1 MPa are 59% and 41%, we obtain 2.09 eV. This value is within 0.07 eV from the experimental absorption maximum, which is well within anticipated error bars of the calculations. Note that reducing the population of Conf II (which is redshifted relative to Conf I) will lead to the apparent blue shift in absorption maximum.
Interestingly, the pressure effect on the excitation energies of the two conformers is different. Conf I yields a consistent redshift (−0.02 eV), whereas the excitation energy of Conf II is blue-shifted by 0.13 eV. As described in the companion paper, 28 a small blue shift (0.005−0.01 eV) is observed with a moderate pressure increase for all FPs from the mFruit family. At higher pressures, the spectra become broader, and some FPs exhibit larger shifts; i.e., mStrawberry exhibits a large blue shift (+0.10 eV) and mOrange a red one (−0.08 eV).
The mStrawberry calculations suggest that the overall pressure effect on the absorption/emission wavelength is determined by the two trends: (i) changes in excitation energies for each conformation (Conf I exhibits a red shift, whereas Conf II exhibits a blue shift) and (ii) changes in the relative population of Conf I/Conf II (Conf I becomes more dominant).
Our calculations suggest that small blue shifts at moderate pressures originate from tightening the H-bonding network and reducing the distance between Lys70 and the chromophore, as observed for Conf II-like structures. As explained below, the distance between the chromophore and Lys70 appears to be very important for the magnitude of the shift. The blue shift can further increase if the population of Conf II decreases. The differences between FPs at higher pressures may be due to different ratios of two or more conformations. Therefore, an accurate estimate of the shifts requires an estimate of relative populations of the two conformations. This is a very challenging task as it requires extensive sampling and freeenergy calculations. Our crude estimates based on the H-bond populations suggest that the population of Conf II reduces from 41% to 4%, leading to a blue shift of +0.04/+0.03 eV, in a reasonable agreement with the experimental value (+0.10 eV).
We observe a moderate effect of pressure on oscillator strengths, i.e., about 4% increase at 300 MPa and a 6% decrease at 900 MPa for Conf I (we do not take into account possible changes in the Franck−Condon factors). Thus, a pressureinduced change in absorption cross section is moderate, and the observed increase of fluorescence quantum yield must be dominated by increased quantum yield due to the restricted range of motion and/or changes in relative populations of different conformations. The comparison between mCherry and mStrawberry suggests that Conf II may have a much lower quantum yield; thus, reducing its population with pressure may result in an increased fluorescence yield.
To further analyze the computed shift and the effect of Hbonding on excitation energies, we analyze the changes in NBO atomic charges of the chromophore upon excitation (see Table  7 ). The table also includes the difference between the charges in the first singlet excited state and the ground state (Δ). When Δ is positive, the ground state has more negative charge than the excited state, and consequently, the ground state is more stabilized by the H-bonds resulting in a blue shift in the absorption spectrum.
As one can see, the S 0 → S 1 excitation leads to large changes in the charge on the bridge. The changes on phenolate and imidazolinone oxygens are smallerboth lose about 0.03e upon excitation. Thus, we expect that H-bonds formed with these two oxygens will result in a blue shift (larger stabilization of S 0 ). Likewise, imidazolinone's nitrogen gains 0.12e upon excitation. Therefore, we expect that H-bonding with this group will result in a red shift. Note that changing the distance between the bridge and the nearby charged residues is expected to produce significant effects on the excitation energy.
To verify this reasoning and to better understand pressureinduced spectral shifts, we performed the QM/MM excitation energy computations using one representative snapshot extracted from BigQM-AIMD at low (0.1 MPa) and high (900 MPa) pressures. In these calculations, the MM part included only the CHARMM27 charges of the selected residues (Ser146, Arg95, Glu215, and Lys70) around the chromophore. These residues were chosen either because they form H-bonds with the chromophore (Ser146, Arg95, and Glu215) or because they are expected to affect the excitation energies due to their charges (Lys70). The results for both conformations are summarized in Table 8 . At atmospheric pressure, the shifts induced by specific interactions are similar for Conf I and Conf II; e.g., relative to the isolated chromophore (chr), they are chr +Glu215 (−0.04 and −0.02 eV), chr+Arg95 (+0.32 and +0.31 eV), and chr+Ser146 (0.00 and 0.01 eV). These shifts are consistent with the analysis of partial charges described aboveGlu215 is H-bonded to ImN, and Arg95 (Ser146) forms a H-bond with ImO (PhO, Conf I). At 900 MPa the same trend is observed concerning the influence of these residues on E ex , and we see no major differences between the two conformations. However, the effect of Lys70 is very different depending on the conformation and on the pressure: at atmospheric pressure the shift in chr+Lys70 is +0.31 and +0.14 eV for Conf I and II, respectively, whereas at higher pressure (900 MPa), it is +0.23 eV for Conf I and +0.30 eV for Conf II. This is due to electrostatic interactions between the NH 3 + group of Lys70 and the carbonyl group of the imidazolinone (C−O Im − ) that hosts significant negative charge due to the resonance stabilization of the anionic chromophore.
As Lys70 is responsible for the difference in pressure-induced spectral changes of the two conformers, the weighted excitation energies of the chr+Lys70 for both conformations should also lead to the experimentally observed blue shift. In fact, the chr +Lys70 weighted values at atmospheric pressure and at 900 MPa are 2.28 and 2.30 eV, respectively. This blue shift is similar to that obtained for the calculations of the entire protein, e.g., +0.03 eV (Table 6 ).
We note that Lys70 is a highly conserved residue in RFPs, and its crucial role for the red chromophore maturation has been recently predicted by theory and confirmed by directed mutagenesis. 60 To better understand the role that Lys70 and other residues around the chromophore have on the spectroscopic properties, the electrostatic potential (ESP) has been computed at each nuclei of the mStrawberry chromophore (only heavy atoms participating in the π-system are considered; for the numbering scheme see Figure 1 ). Figure 9 compares the ESP of the entire system (protein and solvent/counterions environment). The pressure increase induces significant changes of ESP at each chromophore nuclei for both conformations, which is expected as the system is compressed and also becomes less flexible. The ESP changes due to conformations are larger at atmospheric pressure. We observe a similar effect on excitation energies (Figure 8 ). The larger differences between Conf I and Conf II are at atmospheric pressure for the oxygen of the imidazolinone (atom number 9) and at high pressure for oxygen of the phenolate (atom number 18). We also note that for all heavy atoms of acylimine (atom numbers 1−4) the trends for Conf I and Conf II are opposite at both pressures.
A more detailed analysis can be performed by computing the ESP of each individual residue around the chromophore, i.e., Glu215, Arg95, Lys70, Ser146, and water molecule within 2.8 Å of the chromophore ( Figure 10) . As for the residue-by-residue spectroscopic analysis, only one representative snapshot for each conformation is chosen at 0.1 MPa and at 900 MPa. This analysis can be related to Figure 9 to understand the origin of the previous finding and to Table 3 in which the H-bond population formed by the chromophore and the nearby residues are given. Comparing the two figures, the major difference is the ESP due to Lys70 for both conformations and to the water molecules (only for Conf II), while the ESP behavior of other residues does not depend on the conformation.
At atmospheric pressure, we observe that the large change is mainly due to Lys70 which is responsible for the large difference at the oxygen of the imidazolinone (atom number 9) in Figure 9 . This positively charged residue is located, on average, 3.72 Å away from atom number 9 in Conf I, whereas in Conf II the distance is 1.48 Å longer (Table 9) . Therefore, ESP of Lys70 is larger for Conf I than for Conf II at atmospheric pressure. At 900 MPa, the opposite behavior is observed: the ESP due to Lys70 is higher for Conf II than for Conf I. This is directly related to the average distances between the chromophore and Lys70 in Conf I and Conf II, 4.57 and 3.21 Å, respectively. A similar trend is observed for the central bridge carbon (atom number 11), as illustrated by the data in Table 9 .
This analysis explains the origin of the blue shift in mStrawberry. The excitation energies of both conformations are driven by Lys70. The short distance between Lys70 and ImO (as well as the bridge) in Conf I at atmospheric pressure and in Conf II at 900 MPa strongly stabilizes the ground state of the chromophore inducing a blue shift, as compared to Conf I at 900 MPa and Conf II at 0.1 MPa, respectively. As far as other neighboring residues are concerned, Glu215 increases the ESP for the atom number 6 (ImN), which is expected. The ESP of Glu215 and Ser146 does not change significantly with the conformation and with pressure. The ESP of Arg95 exhibits the same trend for both conformations at all pressures. This last observation is consistent with the residueby-residue analysis of the shifts in excitation energies described above. a The variation (Δ) between pressures for both conformations is also shown (in eV). Only the charges of the selected residues were included (see text). For mCherry, the average value of the bridge−Lys70 distance decreases strongly (from 6.5 to 4.5 Å) with pressure increase from 0.1 to 600 MPa, suggesting an overall spectral blue shift.
■ CONCLUSIONS
Our results for mStrawberry and mCherry show that pressure has a significant effect on the number of water molecules and H-bonding network around the chromophore, as well as the distance between the chromophore and Lys70, whereas the structure of the chromophore itself is not strongly affected. The key difference between the two FPs is their structural rigidity, with mStrawberry being more floppy. In addition to larger structural fluctuations, mStrawberry also features two different conformers with almost equal populations at ambient pressure. The conformers, which differ by the flip of Ser146 residue, have different optical properties (Conf II is red-shifted relative to Conf I) and exhibit different spectral shifts with pressure. At higher pressures, Conf I, which is similar to the X-ray structure, becomes more dominant. Thus, the overall pressure effect on the absorption/emission wavelength in mStrawberry is determined by the two trends: (i) changes in excitation energies for each conformation (Conf I exhibits a small redshift, whereas Conf II exhibits a blue shift) and (ii) changes in the relative population of Conf I/Conf II (Conf I becomes more dominant). The computed spectral shift in absorption (+0.04 eV) agrees well with the experimentally observed shift in fluorescence (+0.09 eV).
The origin of the shift is explained by analyzing partial charges of the chromophore in the ground and excited states and by computing ESP of the protein environment. These calculations reveal the crucial role of a highly conserved Lys70. Increased pressure leads to significant changes in its position, the effect being different for different conformations. This residue strongly stabilizes the anionic form of the chromophore that has significant negative charge on the imidazolinone's oxygen due to resonance stabilization. The pressure changes the distance between the chromophore and Lys70, which leads to the blue shift in both conformations. We note that Lys70 is a highly conserved residue in RFPs and is important for the red chromophore maturation. 60 The mCherry is less flexible and exhibits less thermal fluctuations at atmospheric pressure. Moreover, it does not have multiple conformers. Consequently, the effect of pressure on its structure is smaller. We note that in mCherry the distance between Lys70 and the chromophore decreases with pressure, consistently with the experimentally observed blue shift.
Our results suggest that pressure increase causes an initial increase of fluorescence yield only for relatively floppy FPs, whereas the FPs that have more rigid structures have quantum yield close to their maximum. The strong increase in quantum yield in some FPs may be indicative of multiple conformers present at ambient pressure. The calculations also suggest that the origin of the low quantum yield in some FPs is dynamic in nature and depends on the range of thermal motions of the chromophore and fluctuations in the H-bonding network rather than on its average structure. 
